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Abstract: Laser processing parameters of an ytterbium fiber laser were explored using a two-
stage searching strategy to form an optimum surface layer on Fe-14Cr ferritic alloy samples for
improved corrosion performance. With one or two passes of laser surface scanning, corrosion
behavior and surface layer uniformity were investigated for different laser parameters utilizing
energy-dispersive x-ray spectroscopy (EDS) and electrochemical tests in saltwater. The optimum
laser processing parameters were found to be 175 w of laser power, 200 mm/s of scanning speed,
and 0.025 mm of hatching space. Corrosion behavior of laser-treated samples with the optimum
laser parameters was found to be 5 and 13 times better respectively than the baseline sample in
3.5 wt% NaCl water solution, in term of corrosion rate. The formation of a uniform thin
oxidation layer was the main reason for the improved corrosion performance.
Keywords: Laser; Surface Modification; Ferritic Alloy; Corrosion; Surface Scanning; Protective
Coating
1. Introduction

Since the first introduction of Oxide Dispersion Strengthened (ODS) alloys several decades

ago, ODS alloys have found applications in many industrial sections [1-3]. To disperse nano-
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sized oxide particles into the alloy matrix, various fabrication methods can be used, including
selective laser melting [4], mechanical alloying (MA) [5, 6], sol-immersion methods [7], and
internal oxidation [8]. Among these techniques, MA, coupled with hot isostatic pressing (HIP) or
hot extrusion based consolidation process [9, 10], is the most widely used method to produce
bulk ODS alloys. Spark plasma sintering (SPS) is a comparatively new technique which has been
utilized recently for the consolidation of powder mixtures. In this method, rapid consolidation
takes place under a very high heating rate with pulsed electrical current. The rapid process will
not only maintain the basic properties/microstructures of the initial powders, but also improve
the mechanical properties of the consolidated parts [11]. Recently, SPS has been successfully
applied to consolidate ODS steels [9, 12]. Typically, low voltage (<10 V) but high current (1000—
5000 A) DC pulses are applied to alloy powders contained in a graphite mold, along with a
uniaxial pressure (up to 100 MPa). After reaching the target temperature, the sample is typically
held isothermally for 3 to 20 min; and then followed by rapid cooling [13].

Fe-14Cr ODS steel is a potential candidate for applications such as nuclear reactors,
combustion parts for engines, and stirrers for the glass industry due to its unique properties at
elevated temperatures and supercritical environments [14, 15]. Due to the moderate Cr content,
the corrosion resistance of Fe-14Cr ODS is worse than high Cr content steels. Coatings are
typically applied to improve the corrosion resistance [2, 14] of steels.

Thanks to the distinguished properties of laser beams, such as high intensity and little
divergence, laser surface modification has gained increasing interests in recent years. Laser
based surface modifications can be applied to improve wear behaviors, biocompatibility, and
corrosion performance [16-20]. Common laser based alloy surface treatment techniques include

laser alloying, laser cladding, laser peening, laser hardening, and surface laser scanning [20-27],



among others. In this paper, the optimization of laser surface treatment on Fe-14Cr samples was
performed, with the goal of improving the corrosion resistance of Fe-14Cr ODS steel. To speed
up the laser optimization process, a two-stage searching process was adopted to effectively
identify the optimum laser processing parameters, which can lead to the formation of a uniform
surface oxide coating on Fe-14Cr ferritic alloy. Laser source parameters including laser power,
scanning speed, and hatching space were manipulated to produce the most uniform protective
layer on the alloy surface. In the first stage, the optimized laser energy density was identified;
and in the second stage, the optimization of the laser power/speed combinations was performed.
Optimum values were obtained based on the uniformity of the formed surface scale and
corrosion behavior of the processed surfaces. Applying two best sets of these parameters, two
samples were treated with a single pass of laser scanning and two others were treated with an
additional pass of laser scan, with laser scanning tracks at 90 degrees of angle to the first layer of
scan. The corrosion properties of these laser processed samples were compared with the sample
without surface treatment. The protective nature of the formed surface layer was characterized

using Raman spectroscopy and X-Ray diffraction (XRD) techniques.

2. Materials and methods

Fe-14Cr-2W-0.3Ti-0.3Y,03 (wt.%) powder mixture was prepared using commercial pure
powders of Fe, Cr, W, Ti and Y,0;3 purchased from a commercial source (>99.9 wt.%, Alfa
Aesar). Mechanical alloying was performed on the powder mixture for 10 hours in a high energy
ball mill (SPEXSamplePrep Mixer/Mill) with a stainless-steel ball to powder ratio of 10:1 under

an argon environment. A typical SEM image of the powders and the size distribution after 10



hours of ball milling measured by laser diffraction spectrometry (Malvern MASTERSIZER
3000) can be seen in Figure 1.

Consolidation of Fe-14Cr-2W-0.3Ti-0.3Y,0; powders was conducted using a Spark Plasma
Sintering (SPS) system (FUJI-SPS DR. SINTER LAB) with a ¢15mm graphite die at an axial
pressure of 45 MPa. During the SPS process, the temperature was raised from room temperature
to 700 °C at a rate of 100 °C/min, and then to 850 °C at a rate of 50 °C/min. The samples were
kept at 850 °C for 4 minutes before cooled down to room temperature. Afterward, surface
treatment was applied on the Fe-14Cr-2W-0.3Ti-0.3Y,03; SPS samples using a custom laser
system composing a 200W IPG ytterbium fiber laser and a laser scan head (ProSeries II). A 58
um laser spot size was achieved using a JENar F-Theta lens at the focal plane which was 403.8
mm below the lens surface. The test was performed in an inert argon environment by vacuum the
chamber from the initial atmosphere pressure to 150 Pascal and then refill the chamber with
argon gas back to the atmosphere pressure. The residual oxygen in the chamber is one of the
sources of oxygen for the formation of oxides. It is well known that the protective nature of an
oxide layer highly depends on the oxygen partial pressure. Simply using air can lead to the
formation of a non-protective layer on the alloy surface [28]. In addition, for a working condition
with relatively high vapor pressure, the oxide layer is less protective due to the loss of Cr through
CrO,(OH), evaporation [29, 30]. To provide a suitable condition for forming a protective layer,
the tests were performed in a controlled atmosphere with an oxygen concentration about 0.03%.
The laser was in continuous wave mode and the wavelength is 1064 nm. Figure 2 demonstrates a
schematic design of the custom laser system [31, 32] and the used scanning pattern to achieve

full surface coverage of the disk shaped samples with a diameter of 15 mm.



For laser processing, surface energy density (E') is calculated with the unit of J/mm? as a
fraction with the numerator of laser power (P in W) over the product of laser scanning speed (v
in mm/s) and hatching space (H in mm) as the denominator. To evaluate the impact of laser
surface modifications of Fe-14Cr-2W-0.3Ti-0.3Y,03 SPS samples with respect to the corrosion
performance, polarization curves were obtained by sweeping the potential in the range of -1 Vgcg
to -0.2 Vgcg at a rate of 1.67 mV/s. The tests were conducted using a CHI 604C electrochemical
workstation in 3.5 wt% NaCl water solution with the exposed surface area of 0.7 cm?. With a
standard three-electrode corrosion cell setup, the sample acts as the working electrode; a
platinum wire acts as the counter electrode, and a saturated calomel electrode (SCE) acts as the
reference. The tests were performed at room temperature with naturally dissolved oxygen. The
surface of the samples was polished before the tests with sandpapers (grit size 320-1000) and
immersed freely in the solution to attain a stable value of open circuit potential (OCP) for 30
min. Each sample was subjected to electrochemical measurement at least three times for high
reproducibility. Elemental distribution of each sample was performed with EDS (EDAX Pegasus
EDS) and Raman spectroscopy (Renishaw inVia Reflex Raman Microscope) was conducted on
the laser modified samples to identify the formed oxide layer. For Raman mapping, a 532 nm
laser was used with magnification of 100X and step size of 500 nm. Phase evaluation was
performed using CuKa radiation with 0.039 degrees as the scan step size and with a 20 range of
20-70° by a PANalytical Empyrean XRD at ambient temperature. The surface micro-hardness

was measured using a Vickers microhardness tester (FM-110, Future-tech corp., Tokyo, Japan).

3. Results and discussion

3.1. Towards laser parameter optimization



Laser processing parameters include laser power (P), scanning speed (v), and hatching space (H).
In this paper, the criterion for laser parameter optimization is to achieve a uniform surface
coating, with the hypothesis that a uniform surface coating should lead to an improved corrosion
performance. To optimize the laser parameters, a two-stage process is adopted with stage-one for
identifying the suitable laser energy level while stage-two for identifying the best laser power-
scanning speed combination.

For stage-one, the attempted three sets of laser parameters and the calculated energy density
(E") can be found in Table 1. In these sets, laser power and scanning speed were kept constant
while hatching space was altered for three different energy densities (samples Y01, Y02 and
YO03). Besides, to evaluate the role of the laser scanning process, one sample was prepared
without laser scanning process and was tagged SPS. Visual inspection reveals a high surface
roughness on the Y03 sample, which indicates excess laser power density. And in case of YOI, a
visible stripe surface pattern suggests an uneven molten track coverage on the surface. Figure 3
(a) demonstrates the polarization test results of samples with the stage-one laser processing
parameters together with the results of SPS sample. Based on these curves, corrosion current
density (icorr) and corrosion potential (E) were calculated by Tafel extrapolation method and
the results are shown in Table 2. It can be seen that Y02 exhibits the best corrosion performance
by offering the lowest corrosion current density and the most positive corrosion potential. In
addition, all three laser treated samples show a better corrosion performance compared to the
SPS sample. It has been argued that the formation of the surface layer containing chromium,
titanium, and yttrium oxides protects the surface and improves the corrosion resistance of
samples [33]. To check the uniformity of surface coatings, elemental distributions on the surface

of YOI to Y03 samples were performed by EDS. The results of these measurements are



presented in Figure 3 (b). From these maps, it is clear that iron is concentrated in regions with
low levels of chromium, yttrium, and titanium. In other words, the later three elements seem to
form regions that cover the iron base but these iron-depleted regions are not uniform over the
entire sample surfaces. From the measurements, it is obvious that the formed layers on YO1 and
Y03 are not uniform, with the molten track marks clearly shown. For case Y02, the non-
uniformity has decreased in some levels qualitatively. On the other hand, unlike surface treated
samples, the map for SPS sample shows a uniform distribution of all elements confirming the
uniform chemical composition of samples after ball milling. Based on visual inspection and the
results of corrosion test and elemental distribution, the energy density of Y02 was judged the
best.

For stage-two, the energy density of Y02 was selected and fixed while three different laser
power/speed combinations, Y04-Y06 in Table 3, were evaluated. To establish the link between
surface coating uniformity and the corrosion performance, corrosion tests and elemental
distribution were performed on Y04 to Y06 samples. The results of these tests can be seen in
Figure 4 and Table 4 along with the previous results for Y02 and SPS samples. From the
elemental map, it is clear that Y06 exhibits the best uniformity. The same deduction can be
extracted from corrosion results and the trend of the corrosion rates is more or less proportional
to the uniformity of the surface layer. In addition, the corrosion rate of SPS sample is the worst
compared to any of the laser-treated samples. Based on the obtained results from all the 6 sets,
Y02 and Y06 laser parameters were identified to be the best ones.

3.2. Laser double scan and corrosion performance
To further improve the coating surface uniformity, Y02 and Y06 laser parameters were

selected for an additional surface scan with 90 degrees of angle to the first pass of laser scanning.



The samples with double passes of laser processing are named YYO02 and YY06. To demonstrate
the effectiveness of the additional pass of laser scanning, polarization curves and surface
elemental distributions were obtained for these samples, Figure 5, and the associated corrosion
parameters are summarized in Table 5. After applying two passes of surface laser scanning, the
corrosion performance improved even more, suggesting the formation of a more protective layer
on the surface. According to Table 5, the corrosion rate of YY06 sample has been decreased
about 13 times compared to the same sample without any surface laser scanning. This value for
Y06 with a single pass of laser scanning is almost 5 times, indicating the role of laser scanning in
forming the protective layer. Besides, according to Figure 5 (b), the elemental distribution of Cr,
Y and Ti elements have been improved after two passes of surface treatment, suggesting a
uniform layer on the surface, possibly consist of oxides of the mentioned elements.

3.3. Coating characterizations

To understand the mechanisms for improved corrosion performance, additional surface
characterizations including X-ray diffraction, Raman spectroscopy, and microhardness were
performed on the samples. Figure 6 (a) shows the XRD patterns of SPS, Y02, Y06, YY02, and
YYO06 samples. After laser surface processing, the formation of Cr,O; is apparent, with a
relatively high intensity for the relevant XRD peaks. Small amounts of other oxides such as
Y, Ti,07 and Fe,CrO; are also detected on the laser processed samples, which are all known to be
protective oxides. Main detected peaks in SPS sample are associated with chiefly iron and
chromium elements which were applied to make this alloy. These peaks are much less
pronounced in Y02 and Y06 samples and completely disappeared after two passes of laser
scanning on YY02 and YY06 samples. Dominant peaks of chromium oxide in laser-scanned

samples prove that by providing enough energy, Cr,Os will form on the top layer of the laser



processed samples. Although the chamber was purged with Argon before the laser processing,
residual oxygen is still expected in the laser processing chamber. Y06 and YYO06 samples were
recognized for the uniform elemental distributions and good corrosion performance. Figure 6 (b)
and (c) show the cross-sectional Raman maps of Y06 and YY06 samples. The green color
illustrates the formation of a primary Cr,O3 layer on the surface, which is mostly responsible for
the improvement of corrosion behavior. Pink color shows the substrate right beneath the Cr,O;
coating. As can be seen, the thickness of the Cr,O3 coating increases from [13 um to [J5 pm after
performing the second pass of laser treatment.

The results of XRD and Raman spectroscopy can justify the noted improvement of corrosion
resistance in Y06 and YY06 samples. XRD results of the laser-scanned samples confirm the
elemental map presented in Figure 5 (b), which imply that the major elements on the surface of
Y2,Y6,YY02, and YYO06 are Cr, Y, and Ti. XRD results proof that the formed phases are mainly
Cr,03 (confirmed by Raman spectroscopy) and a tiny amount of Y,Ti,O; (Figure 6). These
results endorse the corrosion trend of the modified samples presented in Figure 5 (a). The
development of Cr,0; is well-known to be the protection mechanism of chromium contained
steels and expected to improve the corrosion performance of Fe-14Cr. The formation of Cr,03
and a tiny amount of Fe,CrO4 in laser processed samples suggests that due to the high
temperature during the laser melting process, a uniform oxide layer can be formed under
optimized laser processing parameters. The formation of a titanium-yttrium oxide in the shape of
Y-Ti-O nanoclusters [34] or Y,Ti,0; and/or Y,TiOs [6] is claimed to be the consequence of
adding Y,0O; to the initial powder mixture during the mechanical milling step. Besides, it has
been stated that despite the protective role of chromium oxide scale on the surface, the stability

of small yttrium oxide particles results in finer grains of the matrix and finer grains enhance the



diffusion of Cr to the surface and accelerate the formation of protective layer along with
providing oxygen [35, 36]. Thus, optimized laser surface treatment provided a proper situation
for the formation of protective oxides on the surface of Fe-14Cr-2W-0.3Ti-0.3Y,0; alloy. In
contrast, the SPS process, with a relatively low processing temperature, cannot provide the
suitable condition for the formation of a uniform protective layer. Higher corrosion rate of SPS
sample is the outcome of lacking a protective layer on the surface.

The results of microhardness tests on the selected samples along with the error bar (one-
standard-deviation measure of the data scatter) are presented in Figure 7. As can be seen, the
hardness of the SPS sample (without any surface laser processing) is the minimum one. After one
pass of surface laser treatment, the hardness value dramatically increases due to the formation of
the mentioned oxide phases on the surface layer along with the microstructural changes of the
substrate. To quantify laser surface treatment, two parameters are commonly considered, which
are 1. Laser interaction time (laser spot size divided by the scanning speed), and 2. Beam density
(laser power divided by the spot size). Laser interaction time is 0.322 ms and 0.290 ms for Y02
and Y06 respectively, and the beam density is 4.73x10* W/mm?® and 6.62x10" W/mm® for Y02
and Y06 respectively. It is well known that by increasing these laser parameters, the average
surface hardness would increase [37]. In Y02 and Y06 cases, the combination of laser interaction
time and beam density values made the almost equal surface hardness results understandable.
The microhardness values for YY02 and YYO06 samples are slightly higher than the values for the
Y02 and Y06 samples, indicating a slightly thickened coating layer, in agreement with Figure 6

results. More detailed assessment on hardness results will be reflected in future publications.

4. Conclusions
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The optimum laser processing parameters were obtained in a two-stage searching process for

improved corrosion performance of Fe-14Cr ferritic alloy. Laser parameters including laser

power, scanning speed, and hatching space were manipulated to produce a uniform protective

layer on the alloy surface.

The two-stage searching strategy, where the laser energy density was optimized first,
followed by the optimization of the laser power/speed combinations, was an effective
method to optimize laser processing parameters.

Improved corrosion performance and the uniformity of elemental map distribution lead to
the identification of two sets of optimized laser processing parameters. The best sample
was scanned using a laser power of 175 W, a scanning speed of 200 mm, and a hatching
space of 0.025 mm. The corrosion resistance of the laser processed sample was 5 times
higher in a simulated marine condition than the bare sample due to the formation of the
protective coatings on the surface.

A second pass of laser scanning with 90 degrees of angle to the first layer of laser scan
decreased the corrosion rate by almost 90% compared to the bare sample.

The formation of Cr,O; on the surface was identified with Raman Spectroscopy as well
as XRD and can be recognized as the main reason for the improved corrosion

performance of laser-scanned samples.
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Table 1- Identify the best laser energy density.

Sample Laser Power | Scanning Speed | Hatching Space | Energy Density
No. P (W) v (mm/s) H (mm) E' (J/mm?)
SPS N/A N/A N/A N/A

Y01 125 180 0.080 8.68

Y02 125 180 0.020 34.72

Y03 125 180 0.012 57.87
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Table 2- Corrosion potential and current density obtained from Tafel curves in Figure 3 (a).

Sample Ecorr icorr

No. (v) (LA/cm?)
SPS -0.728 | 97.7

Y01 -0.615 | 72.4

Y02 -0.557 | 25.7
Y03 -0.581 | 33.9
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Table 3- Identify the best laser power-speed combinations.

Sample Laser Power | Scanning Speed | Hatching Space | Energy Density
No. P (W) v (mm/s) H (mm) E' (J/mm?)
SPS N/A N/A N/A N/A

Y02 125 180 0.020 34.72

Y04 44 50 0.025 35.20

Y05 75 86 0.025 34.89

Y06 175 200 0.025 35.00
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Table 4- Corrosion potential and current density obtained from Tafel curves in Figure 4 (a).

Sample Ecorr icorr

No. (V) (LA/cm2)
SPS -0.728 | 97.7

Y02 -0.557 | 25.7

Y04 -0.612 | 711

Y05 -0.592 | 58.9

Y06 -0.526 | 18.2
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Table 5- Corrosion potential and current density obtained from Tafel curves in Figure 5 (a).

Sample Ecorr icorr

No. (v) (LA/cm?)
SPS -0.728 | 97.7

Y02 -0.557 | 25.7
Y06 -0.526 | 18.2
YYO02 -0.469 | 11.7
YYO06 -0427 | 7.4
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Figure 1- (a) Powder size distribution after 10 hours of ball milling, (b) SEM micrograph of Fe-14Cr-2W-
0.3Ti-0.3Y203 powders.

Figure 2- (a) Schematic drawing of the custom laser system used for surface laser processing [31, 32], (b)
Laser pattern used for scanning the surface of the samples.

Figure 1- (a) Polarization curves in 3.5% NaCl Solution, and (b) Elemental map for Fe, Cr, Y, and Ti using
EDS on SEM for samples Y01 to YO3 along with the SPS sample. The scale bars are all indicating 100 um.

Figure 2- (a) Polarization curves in 3.5% NaCl Solution, and (b) Elemental map for Fe, Cr, Y and Ti using
EDS on SEM for samples Y04 to YO6. The scale bars are all indicating 100 um.

Figure 3- (a) Polarization curves in 3.5% NaCl Solution, and (b) Elemental map for Fe, Cr, Y and Ti using
EDS on SEM for optimum sets of parameters with single or double passes of surface treatment. The
scale bars are all indicating 100 um.

Figure 4- (a) XRD plots of SPS only and Laser surface treated samples of Fe-14Cr alloy, (b) Cross-sectional
Raman spectroscopy and microscopy of Y06, (c) Cross-sectional Raman spectroscopy and microscopy of
YY06.

Figure 5- Micro-hardness measurements for the 3-SPS sample (without surface scanning), Y02 and Y06
with one round of surface laser scanning and YY02 and YY06 with two passes of laser surface treatment.
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Highlights

e The optimum laser processing parameters were obtained for the formation of a uniform
surface oxide coating on Fe-14Cr ferritic alloy for improved corrosion performance.

e Laser parameters including laser power, scanning speed, and hatching space were
manipulated to produce the most uniform protective layer on the alloy surface.

e For the optimized set, high quality protective layers were formed on the surfaces, which

decreased the corrosion rate by almost 90% compared to the bare sample.
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